Abstract--For single-pass counterflow dialysers, an equation has been derived which incorporates flow rates in blood and dialysate compartments, blood volume, overall diffusion coefficient of the substance involved and geometrical membrane properties. To verify the theory effects of flow in the blood and dialysate compartments, on mass transfer of sodium through the membranes in a Kiil dialyser were studied in in vitro experiments, using water]water and blood] dialysate systems. The geometrical properties of the membranes and the overall diffusion coefficient of sodium were determined. The latter was less in the blood/dialysate system than in the water/water system. The efficiency of this dialyser was expressed as a clearance. The flow dependency of the clearance appeared to be asymptotic as demonstrated empirically by many investigators. Actual experimental points followed the theoretical curves and verified the theory. The theory has to be extended to cope with in rive experiments.
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As has been discussed, the clearance will be the product of the blood volume VI and the value of B. To verify this theory, the effects of flow in the blood and dialysate compartments on the mass transfer of sodium through the membranes in a standard single-pass Kiil dialyser were studied in in vitro experiments. To eliminate as many variables as possible, distilled water was used in both compartments of the dialyser in the first instance. Once the theory was verified blood was used in the blood compartment and an isotonic dialysate in the dialysate compartment.
To obtain concentration values of a high * Received 22 June 1971. 35 accuracy, labelled sodium was used in the water/ water as well as in the blood/dialysate experiments. From the concentration (=radioactivity) vs. time curves the B values could be determined. Measurements of the effective surface area and thickness of the membrane were made. Since Q1, Q2, and V1 were known, the overall diffusion constant D for sodium could then be calculated for both water/water and blood/ dialysate systems. No attempt was made to evaluate separately the contributions of the various layers in the diffusion barrier. The purpose was to obtain an integrated effect across the triple-laminate of the membrane and the fluid layer adjacent to each side. In the blood/dialysate system citrated dog blood of 41 per cent haematocrit was used to avoid the permeability inconsistencies pointed out by GAYLOR et aL (1970) . Therefore D in a water/water or blood/dialysate depends only on the characteristics of the membrane involved. Clearance, which incorporates D, however, depends upon the design of the dialyser used as discussed previously (STINSON and DE BOER, 1970) . This approach does not include the possibility of concurrent metabolic production or the presence of other compartments. Concurrent metabolic production has been incorporated into similar equations (DE BOER et al., 1966; STINSON and DE BOER, 1970) . The inclusion of additional compartments will be considered in the next article in this series. (de Boer and Stinson) . Most theoretical approaches to hemodialysis (reviewed by COLTON, 1967) have been either fragmentary or related to models other than the Kiil while the variables used have frequently been difficult to handle.
MATERIAL AND METHODS
A standard Kiil dialyser and console (Sweden) were used in these experiments. Pressures were manometrically recorded at the inlet and outlet of the blood and dialysate compartment. Both compartments were either primed with distilled water or with dog blood and dialysate, and kept at a constant temperature of 37~ The total volume, including the volume inside the dialyser, of the blood compartment never exceeded 1000 cm 3. The fluid in the blood compartment was recirculated with the aid of a roller pump with a variable speed. The pump in the console was used to pump the water or the dialysate from a reservoir through the dialyser into a drain.
In order to avoid flow measurements during the experiments, pressure-flow curves in water/ water and blood/dialysate systems were obtained previously. This was achieved by measuring with a calibrated cylinder the outflow per unit time for different pump speeds. Simultaneously the pressures at the inlets and outlets of both compartments were recorded. When a pressure-flow curve was being obtained for one compartment the flow rate in the other compartment was kept constant. During the experiments the pressure could be determined and the corresponding flow could be read from the graph.
In the water/water experiments 6 g of labelled sodium carbonate was introduced into the blood compartment at time zero, and a corresponding amount of unlabelled sodium carbonate into the dialysate reservoir. The fluids in both compartments were therefore iso-osmotic. Moreover this condition was checked with an osmometer (Advanced Instruments Inc). Since the dialysate was pumped from a reservoir through the unit and on into a drain, the actual volume of dialysate was not important. Quantities ranging from 20 to 501. were used.
Citrated dog blood 41 per cent haematocrit approximately was used in the blood/dialysate experiments. For the dialysate a solution containing the electrolyte composition of the extracellular fluid of the normal dog was used (SKEGGS et al., 1949) . When 6 g of labelled sodium carbonate was added to 1 1. of whole blood and 8 g of unlabelled sodium carbonate per litre was added to the dialysate the two fluids had osmolarities equal to within 2 per cent.
The 24Na was produced by placing sodium carbonate samples in a neutron source with a flux of 3 x 107 neutrons s -1 cm -2 for periods of 18-24 h. A shielded sodium iodide scintillation detector measured the total activity in the blood compartment. In each of three water/water experiments the decrease of total activity in the blood compartment was measured using four different flow rates in the blood compartment for 9 min each. Two flow rates were selected in the laminar part of the pressure-flow curve and two in the turbulent part of the curve. The flow of the dialysate was kept at a constant rate of 16.6 cm a s-1. The same experiment was performed using a constant flow-rate in the blood compartment of 4 cm a s -1 and three different flow rates in the dialysate compartment; one in the laminar part and two in the turbulent part of the curve. Similar blood/dialysate experiments were performed at a dialysate flow rate of 13.3 cm 3 s-L Background readings of radioactivity were taken at the beginning of each experiment and subtracted from the total activity during the experiment.
The mean thickness of a wet membrane (Cuprophane PT 150) was determined by folding a wet membrane four times and measuring the thickness of the folded membrane on randomized spots using a micrometer.
By injecting an aniline blue solution (aniline blue does not stain the membrane nor the tubing nor does it permeate the membranes) into the different compartments, the flow pattern could be observed with the aid of fluorescent bulbs placed underneath the dialyser. An approximation of the effective surface of the membranes could thus be calculated.
Since electrolytes were being used, the possibility of creating potential differences across the membranes existed. Platinum electrodes and a potentiometer were used to measure such potentials. Figure 1 provides the information required to calculate the area S. The dye patterns indicate that the small triangular areas in the corners and the narrow strip down the centre are ineffective. Since there are four layers of cellophane involved, the total area then will be 4 [88 x 29.5 1 4(1/2 x 6 x2)]orl'029m 2.
RESULTS
The mean thickness of the wet cellophane membrane was 2.5 x 10-3cm (SD =0-1 x 10 -3 cm; n --10). Figure 2 represents the pressure-flow curves in the blood as well as in the dialysate compartment of the dialyser for water/water and blood/ dialysate systems. Each pressure-flow curve represents the pooled data from three experiments which yielded identical results.
Keeping either Q1 or Q2 constant and using variable values for Q2 and Q1, respectively, a maximum pressure difference across the membrane was measured of about 40 cm H20 (see Fig. 2 ). Due to this, some ultrafiltration from the blood to the dialysate compartment took place. By measuring 1/1 at the end of each series of experiments a maximum decrease of 35 cm 3 or 3-5 per cent of the total volume in the blood compartment was found. In each experiment, however, ultrafiltration for each of the different flow rates used was correspondingly lower. Pressure-flow curves of water and blood in the blood compartment (upper two curves) using a constant Q2, and of water and dialysate in the dialysate compartment (lower curve) using a constant Q~.
Errors due to the natural decay of 24Na were also negligible because the half-life of 24Na is 14.8 h, while the radioactivity for each flow rate was measured over a 9-min period, viz. a 1 per cent error for each of the flow rates used. A potential difference of about 100 mV was measured across the membrane, the blood side being negative with respect to the dialysate.
In 12 separate determinations of the overall diffusion coefficient for sodium in the water/ water system an average value of 6" 3 • 10 -7 cm 2 s-x was obtained with a standard deviation of 1.6 • 10 -7 cm 2 s -x. The overall diffusion coefficient for sodium in a blood/dialysate system was 2-0 • 10 -7 cm 2 s -1 with a standard deviation of 0.2 • 10 -7 cm 2 s -1 for 7 separate determinations. No correlation could be found between the separate determinations of D and the corresponding flow rates used. The majority of the variation in D values for each of the systems used occurred between, rather than within, experiments, as can be seen in Table 1 . For each experiment an average value of D can be calculated and a theoretical curve of B vs. flow can be plotted. In Fig. 4 it is seen that asymptotic values of B for the water/water experiments are approached as one flow rate increases, while the other is held constant. When B values are multiplied by V, the same asymptotic curves are obtained for clearance vs. flow. The actual experimental points for each experiment follow closely the trends indicated by the theoretical lines. If the graph is drawn based on the overall average D, somewhat more scatter is observed due to variations between the experiments. 
DISCUSSION
The pressure-flow curves for the different experiments were highly reproducible and showed a change of slope within the flow limits used. This is usually interpreted as a transition from laminar to turbulent flow. Because of the higher viscosity value of blood the curve for blood is moved upward and more to the left, and as a result turbulent flow will occur at a lower flow rate. Due to irregularities and therefore uncertainties the Reynold's numbers could not be calculated. Another characteristic can be observed in Fig. 2 : the pressure-flow curves for the blood compartment extrapolate to an initial pressure difference of about 20 cm H20. This can be interpreted as analogous to the opening pressure of collapsed lung alveoli or the opening pressure of a collapsed vessel, as the pressure needed to separate the two non-rigid membranes. Because the dialysate compartment is rigid this phenomenon is not observed and the curve extrapolates to zero flow at zero AP.
While the rate of removal of labelled sodium was dependent on the magnitude of the flow, it was not altered by the transition from laminar to turbulent flow. It appeared that mixing is sufficient in laminar flow and that no beneficial effects can be expected from turbulent flow, within the flow ranges normally used.
Errors due to ultrafiltration of less than 2 per cent for each of the flow rates used were measured. Even during the 9-min period in which the highest flow rate was used ultrafiltration did not exceed 10-20 ml or 1 to 2 per cent of the total volume. These small ultrafiltration effects are in agreement with those reported by MACEY and WOLF (1960) .
Multiple folding of the wet cellophane membrane permitted the accurate measurement of the thickness of this membrane. It also showed an almost twofold increase in thickness of the swollen membrane compared to the dry one, which is in agreement with the findings of LYMAN (1963) .
The measurements of the effective surface area were less accurate and therefore only an approximation could be made. Moreover the effective surface area may vary with the flow rate used, although this could not be detected by observing the flow patterns.
The use of a labelled substance permitted accurate measurements of the concentration at frequent time intervals and this in turn provided accurate B values. The choice of using labelled sodium was governed by economic and practical considerations (counting is simple and results therefore more precise for the energetic sodium gamma peak).
Although the pores in the dog erythrocytes are large (VILLEGAS et aL, 1959) and sodium exchange across the membrane somewhat faster than in many other species (LANGE et aL, 1970) this exchange, however, is sufficiently slow that there would be a negligible movement of labelled sodium across the membrane within the brief duration of our experiments. Therefore it was assumed that the labelled sodium remained entirely within the plasma and the Vx used in the calculations was the plasma volume of the citrated dog blood used with an average haematocrit of 41 per cent.
With the determined B and 1"1 values and the measurements for the effective surface area and thickness of the membrane the overall diffusion coefficients for sodium in water/water and blood/ dialysate systems could be calculated. A surprising variety of D values for simple sodium compounds, e.g. NaCI, exist in the literature, varying from as high as 2 • 10 -s cm 2 s -1 (BABB et al., 1968; PAPPENHEIMER et al., 1951) to as low as 1 • 10 -5 cm 2 s -1. The Handbook of Chemistry and Physics (49th edition) gives 1.5 • 10 -5 cm 2 s -x, at 25~ which should adjust to I. 56 at 37~ This value was chosen for our comparison. WILCOX et al. (1960) give the fractional pore area ofcuprophane membrane as 0.05 and D in a water/ water system would therefore be 5 per cent of that in water only, e.g. 7.8 • 10 -7 cm 2 s -x, which is reasonably close to our observed value of 6.3 • 10 -7 cm 2 s -x. On the assumption that the V1 used was the plasma volume the D value in the blood/dialysate system was calculated to be 2 • 10 -7 cm 2 s -~. If one goes to the other extreme and assumes that Vx should be the entire blood volume then the D value would increase to 4.1 • 10 -7 cm 2 s -1 which is still markedly less than in the water/water system. A number of factors combine to explain this significant difference. In a blood/dialysate system the measured negative 100 mV potential on the blood side would exert a considerable retarding force on the sodium ions and cause a corresponding decrease in diffusivity. SWEENEY and GALLETTI (1964) have cautioned that "solute diffusion responds to electrochemical concentration gradients, including the Donnan equilibrium effect of plasma proteinate ions". RENKIN (1956) has warned that "caution is indicated in applying presently available data on cellulose membranes due to the possibility that the properties of the membranes may be altered by absorption of plasma proteins".
Other investigators (BABB et al., 1968; GAYLOR et al., 1970) have reported significant decreases in the passage across membranes of small uncharged molecules such as urea when the system is changed from water/water to blood/dialysate. Moreover GAYLOR et al. (1970) show that there is a distinct haematocrit effect with the decrease in permeability becoming more pronounced as the haematocrit increases. In our experiments the overall diffusion coefficient D of sodium in both systems appeared to be flow independent and can be considered to be a constant for any given combination of fluids and membrane. The accuracy of the determination of D in a given experiment is limited largely by unavoidable reading errors. Most of the variability in D values occurred between rather than within experiments and was probably due to a variation in stretching of the membranes. Stretching may lead to deformations in the membrane structure and therefore to alterations in permeability of the substances involved (CRAIG and KONIGS-BERG, 1961) .
The performance of dialysers is usually expressed as dialysance, sometimes as clearance. These terms which are often used interchangeably, are identical only in non-flow models. This is discussed in detail in the previous investigation (STINSON and DE BOER, 1970) . The equation for clearance which is valid only for the model described, i.e. recirculation of blood and counterflow single-passage dialysate, takes into account manageable variables. It indicates that increases of blood flow, dialysate flow, overall diffusion coefficient of the substance to be removed, membrane surface area and decreases of membrane thickness will increase the clearance and in addition, shows that there is no interaction between these variables. The flow dependency of the clearance of any diffusable substance appeared to be an asymptotic one as is demonstrated empirically by many investigators.
The present experiments have verified the theory. However, in vivo experiments have to be performed in order to examine the usefulness in haemodialysis procedures. It is anticipated that the theory has to be extended, because in vivo experiments deal with a three or more compartment system. This will form the basis for future experiments. 
